Molecular dynamics investigations of methane in one-dimensional channel systems of AlPO 4 -5 and the carbon nanotube are reported. Methane shows contrasting orientational preference over 1ϩ3 and 2ϩ2 orientations inside AlPO 4 -5 and the carbon nanotube. In AlPO 4 -5, 2ϩ2 orientation is preferred in narrow parts of the channel while 1ϩ3 orientation is predominant in the wider part of the channel. In the carbon nanotube 2ϩ2 is preferred over 1ϩ3 orientation throughout the channel. Thus, the orientation of methane can yield insight into methane-host interactions. Simulations with and without allowing for rotation of methane suggest that rotation aids translational mobility of methane in both the channel systems studied. It is shown that molecules with certain orientations are associated with lower mobility, both in AlPO 4 -5 and carbon nanotube. Further, translational motion exhibits diffusive behavior for methane in AlPO 4 -5 and superdiffusive behavior in the carbon nanotube. These results suggest that particular orientation or rotation in general can strongly influence translational mobility of methane in one-dimensional channels. It is seen that levitation effects influence rotational motion in addition to the translational motion.
I. INTRODUCTION
In recent years there has been an increasing interest in studying properties of confined fluids in microporous solids. 1, 2 In particular there have been many studies directed towards understanding properties of hydrocarbons in zeolites. 3, 4 This is primarily due to the importance of zeolites in the petrochemical industry for cracking of long chain hydrocarbons and separation of mixtures. In both these processes mobility of molecules inside the microporous host plays a crucial role. This necessitates the study of influence of confinement on self-diffusivity of molecules.
In the case of polyatomic molecules in addition to translational degrees of freedom, rotational motion is also present. This prompts some questions: In what manner the rotational diffusivity of a molecule changes in confinement? How does the translational motion of a molecule get effected by its rotational motion in confinement? Answers to these questions can give a better understanding about the mobility of polyatomic molecules in confinement. This in turn can help in the designing of better separation procedures.
In an attempt to answer the abovementioned and other related questions we have studied methane in onedimensional channels. While methane is the simplest member of the hydrocarbon series, one-dimensional channels represent the simplest topology of interconnected pores which are devoid of complications associated with the complexities of higher dimensional channels. One-dimensional channel systems studied in the present work are AlPO 4 -5 and the carbon nanotube. These have a varying degree of surface roughness and modulation of channel diameter along the channel. AlPO 4 -5 has rough or structured channel walls and it shows modulation in diameter along the channel. As opposed to this the wall of the carbon nanotube is smooth or structureless and it has a constant diameter throughout. Adsorption of methane in one-dimensional channel systems of aluminophosphates 5 and carbon nanotubes 6, 7 has been studied experimentally and through simulations by the grand canonical Monte Carlo method. 8, 9 Dynamics of methane in AlPO 4 -5 has been studied by the pulsed field gradient ͑PFG͒ NMR technique 10 which suggested the existence of single file diffusion for methane in AlPO 4 -5. Single file motion implies that sorbates cannot pass one another inside a channel. However, PFG-NMR ͑Ref. 11͒ studies by others as well as quasielastic neutron scattering 12 ͑QENS͒ studies of methane dynamics in AlPO 4 -5 observed ordinary diffusive behavior suggesting thereby that sorbates can, in fact, pass each other. A plausible explanation of this difference in the observations is that the time over which the system was probed is different in the two cases. Yet another possibility is that the samples of the host materials used in different studies were slightly different. This has been pointed out by Jobic et al. enced by methane molecules when they pass each other inside an AlPO 4 -5 channel.
14 MD study of methane in the carbon nanotube 15 suggested that methane exhibits normal diffusive behavior for nanotubes having different diameters. Results from experimental and simulation studies mentioned above raise an important question: Are the results highly sensitive to slight changes in the potential parameters and channel dimension? The present work attempts to understand this by studying the dependence of orientational preference methane on channel dimension vis-à-vis potential parameters.
The present study has been carried out in the dilute limit to bring out the effect of confinement on dynamics of adsorbates in an unambiguous manner. To understand the energetics and dynamics we have calculated static potential energy along and across the channel. Also we have tried to correlate the orientation of methane with its position inside a channel. The effect of rotation of methane on translational mobility is studied by calculating mean squared displacement of methane in two cases: First, by observing mobility in simulation where both translational and rotational motion is allowed and in the second case, by freezing only rotational degrees of freedom. These properties are compared with experimentally observed values where available as well as simulation results of bulk methane.
II. STRUCTURE OF HOSTS
The two structures, namely, ͑i͒ AlPO 4 -5 and ͑ii͒ carbon nanotube have one-dimensional channels along the c-axis.
AlPO 4 -5 crystallizes in hexagonal space group P6/mcc with aϭ13.77 and cϭ8.38 Å. 16 There are 72 atoms in one unit cell. The channel does not have a uniform diameter throughout ͓Figs. 1͑a͒ and 1͑b͔͒, it is narrow near zϷ0.25c and 0.75c ͑diamϷ10.02 Å͒ but broader in the rest of the region ͑diamϷ11.37 Å͒.
The carbon nanotube structure is constructed by the method of the armchair mode of rolling the graphite sheet 17, 18 ͓see Fig. 1͑c͔͒ . It is possible to have a carbon nanotube with different diameters. Here, we have chosen ͑8,8͒ a single walled carbon nanotube which contains 640 carbon atoms. Unlike AlPO 4 -5 the carbon nanotube has a uniform diameter and the wall is smooth and homogeneous throughout.
Thus, these one-dimensional channels represent structures with different channel diameters and differences in surface roughness and homogeneity of channel walls.
III. INTERMOLECULAR POTENTIAL
Methane is modeled as a five site rigid molecule. The Lennard-Jones-type potential is considered for sorbatesorbate and sorbate-host interactions,
The potential parameters A i j ϭ4⑀ i j i j 6 and B i j ϭ4⑀ i j i j
12
for the sorbate-sorbate interaction are taken from Murad et al. 19 These are listed in interact only with the oxygen atoms of AlPO 4 -5. The methane-host interaction parameters for AlPO 4 -5 and the carbon nanotube are also listed in Table I .
IV. COMPUTATIONAL DETAILS
All the MD simulations have been carried out in a microcanonical ensemble (NVE), with cubic periodic boundary conditions. The system consists of 16ϫ16ϫ6 unit cells in case of AlPO 4 -5 which makes in all 256 channels along the c direction with each channel 6 unit cells long. For the carbon nanotube 256 tubes are considered arranged in a hexagonal fashion with all tubes parallel to the c-direction. Two channel centers are separated by a distance of 14.28 Å. Two methane molecules reside in each channel which corresponds to a total of 512 molecules in each host. This corresponds to a concentration of 0.33 molecule per unit cell of AlPO 4 -5 and 0.040 molecule/Å inside the carbon nanotube. The methane-methane interaction is minimal and therefore the role of the methane-host interaction is dominant. The spherical cutoff radius measured from the center-of-mass of methane for both methane-methane and methane-host interaction is taken to be 12 Å for aluminophosphates and for the carbon nanotube. Thus, interactions extend to molecules and host atoms in neighboring channels as well. For bulk methane, calculations are carried out at a density of 0.29 g/cm 3 for a total of 108 molecules. This density corresponds to bulk liquid density of methane 19 which is higher than the density of methane considered in AlPO 4 -5 and carbon nanotube in the present study. The spherical cutoff radius is taken to be 11 Å for bulk methane calculations.
The gear predictor-corrector algorithm 20 is used for integration of translational and rotational equations of motion for methane molecules. For studying the dynamics of methane molecules without rotation the rotational degrees of freedom are not allowed. In this case, each molecule is assigned to a random orientation which remains the same throughout the MD run. Without rotation MD of methane is carried out in both host structures, AlPO 4 -5 and carbon nanotube as well as in bulk methane. The host structure is kept rigid. A time step of 1 fs has been used. This gives conservation in total energy of 5 in 10 5 . Different properties are calculated using positions and velocities stored at every 20 fs. The system is equilibrated for 100 ps in each case. At the beginning of the equilibration phase, methane molecules are placed at the center of the channel with initial velocities chosen randomly from a uniform distribution. During equilibration phase the scaling of velocities is performed. This is followed by a production run of 150 ps. All runs have been carried out at a temperature of 200 K.
For the methane molecule, the C-H bond length is taken to be 1.1 Å. The mass of C and H is taken to be 12.01 and 1.008 amu. In what follows with rotation MD is termed as simulation A and without rotation MD is termed as simulation B.
V. RESULTS AND DISCUSSION

A. Energetics and structure
This section contains results from the calculations of simulation A. The energetics and structure related results did not appear to be effected significantly by freezing of rotational degrees of freedom. Note that in all figures r is scaled by R, the radius of the respective channel defined from the van der Waals' free diameter. They are listed in Table II . In Table II spectively. As can be seen from Fig. 3 , the minimum in the methane-host interaction is near the wall of the channel for both hosts. It should be noted that experiments of methane adsorption on nanotubes were performed on tubes that were capped at both ends. Hence, methane adsorption takes place on the external surface of the nanotube. These values are tabulated for comparison and need not represent adsorption of methane inside a ͑8, 8͒ nanotube which is studied in the present work. Orientation of methane with respect to the channel axis is described by calculating the angle that each of the C-H bonds ͑C 3 axes͒ subtends to the channel axis. The minimum of these four angles, min , is found out. The tetrahedral symmetry of the molecule limits the range of variation of min between 0 to T d /2, where T d is the tetrahedral angle. min helps in identifying two orientations of methane with respect to the channel axis. When min ϭ T d /2 or a C 2 axis of methane is parallel to channel axis, we term this orientation as perfect 2ϩ2 orientation and when min ϭ0 or a C 3 axis parallel to the channel axis we term this orientation as a perfect 1ϩ3 orientation. In a perfect 2ϩ2 orientation two of the C-H bonds are symmetrical with respect to the channel axis and in a perfect 1ϩ3 orientation one of the C-H bonds is parallel to the channel axis. A schematic representation of 1ϩ3 and 2ϩ2 orientations of methane with respect to a channel are as shown in Fig. 4 .
We have calculated the number of methane molecules in each of the above orientations n(z) and n(r), where z is the position of the center-of-mass of methane along the channel and r is the radial distance of the center-of-mass of methane from the channel axis. In Figs. 5 and 6 the ratios n(z)/N(z) and n(r)/N(r) are plotted. N(z) is the total number of methane molecules having their center-of-mass at z along the channel and N(r) is the total number of methane molecules having their center-of-mass at a distance r from the channel axis. Figure 5 shows that the intermediate state is the most populated state at all values of z in both AlPO 4 -5 and the carbon nanotube. In the carbon nanotube the 2ϩ2 state is dominating over 1ϩ3 throughout the length of the channel. However, in AlPO 4 -5 the modulation of the diameter of the channel gives rise to contrasting behavior. At the narrow parts of the channel, z/cϷ0.25 and 0.75, the 2ϩ2 state is more populated than the 1ϩ3 state, while at wider parts of the channel it is the 1ϩ3 state that is more populated than the 2ϩ2 state. Figure 6 shows that the intermediate state of the orientation of methane is most populated among all orientation states for all values of r for both hosts. In the carbon nanotube the 2ϩ2 state is populated more as compared to the 1ϩ3 state for all values of r. In AlPO 4 -5 near the center of the channel the 2ϩ2 state is populated more than the 1ϩ3 state while near the wall of the channel it is the 1ϩ3 state that is populated more than the 2ϩ2 state.
The above results suggest that there exists a correlation between channel diameter and the orientation of methane with respect to the channel axis. Table IV lists where gh is the hydrogen-host interaction parameter, w is the window diameter defined as the distance between centers of diagonal atoms of a channel, and l is the C-H bond length. From Table IV it is clear that for values of ␥ close to 1 ͑in close fitting parts of AlPO 4 -5 or in narrow channel-like carbon nanotube͒ more methane molecules have 2ϩ2 orientation than 1ϩ3 orientation. Similarly, in an earlier study of methane in NaCaA, 22 it was observed that methane assumes 2ϩ2 orientation at the 8-ring window connecting two cages as it passes from one cage to another. The present study suggests under what conditions ͑␥→1͒ a preference will be observed in the orientation of tetrahedral molecules. Further, earlier work on benzene in one-dimensional channels suggests that anisotropy in rotational diffusivity observed in the bulk is likely to be reversed in confinement when ␥→1. 23 These results when viewed together suggest that the levitation effect can alter drastically not only translational motion but also rotational motion.
The methane-host interaction energy for the 2ϩ2 and 1ϩ3 orientation as a function of z and r and averaged over the whole MD trajectory, are shown as insets in Figs. 5 and 6, respectively. The inset to Fig. 5 shows that in the narrow part of the AlPO 4 -5 channel repulsive contribution to the methane-host interaction energy in 1ϩ3 orientation is more than that in the 2ϩ2 orientation. While in the wider part of the channel in AlPO 4 -5 methane can maximize its interaction better in 1ϩ3 orientation than in 2ϩ2 orientation. As a function of the radial distance from the axis of the channel, r ͑see inset to Fig. 6͒ methane maximizes its interaction with the host near the wall of the channel in 1ϩ3 orientation in AlPO 4 -5 and in 2ϩ2 orientation in the carbon nanotube. Figure 7 shows the average value of the radial distance of the center-of-mass of methane from the channel axis as a function of its position along the channel. It can be seen that in AlPO 4 -5 methane is closer to the wall in wider parts of the channel and nearer to the center of the channel in narrow parts of the channel. In the carbon nanotube the average radial distance ͗r͘ of each of the orientations of methane remains almost constant along the channel. Among the two orientations, in the carbon nanotube, methane in the 2ϩ2 orientation is farther from the channel axis than the 1ϩ3 orientation. In AlPO 4 -5, in the narrow part of the channel the same behavior as the carbon nanotube is seen. The behavior is reversed when the channel diameter increases in the wider part of the channel; 2ϩ2 orientation is closer to the channel axis than the 1ϩ3 orientation. These results suggest that the orientation of methane inside a one-dimensional channel is sensitive to the channel diameter. In these simulations the Lennard-Jones parameter of the host atom determines the diameter of the channel. Pellenq and Nicholson 24 recently made an accurate determination of Lennard-Jones parameters between rare gases and silicalite-1 host atoms. Similar studies are desirable for hydrocarbon-zeolite interactions. We hope that results here provide a sensitive and crucial test of these parameters. Experiments which can distinguish between 2ϩ2 and 1ϩ3 orientations will be able to yield valuable insight into the accuracy of parameters between CH 4 and zeolite. 
B. Dynamical properties
Translational motion
(t)͘Ϸt
␣ can be obtained from the log-log plot. For methane in the carbon nanotube ␣ϭ1.811 and 1.749 for simulation A and simulation B, respectively. ␣ϭ1 corresponds to the case of diffusive motion while ␣ϭ2 corresponds to the ballistic or free particle motion. Methane motion along the z-direction in the nanotube, unlike in AlPO 4 -5, experiences almost uniform potential energy surface along the channel ͑see Fig. 2͒ which leads to nearly free particlelike motion. When this is coupled with nonballistic motion along radial directions, one obtains a value between 1 and 2 for the exponent ␣. The motion is expected to go over to the diffusive regime as the number of methane molecules per tube are increased. 15 The self-diffusion coefficient is calculated in the case of bulk methane and methane in AlPO 4 -5 by Einstein's relation,
The D t values are reported in Table V case of simulation A and simulation B, respectively. As can be seen from Fig. 8 and Table V there is a difference in mobility of methane for the two cases of simulation A and simulation B. Methane is less mobile in simulation B in all the three systems studied. This indicates that rotation enhances translational motion of methane in the bulk state as well as in confined systems like AlPO 4 -5 and the carbon nanotube. Self-diffusion coefficient D t , in general, depends on the density of sorbates inside a porous host. 1 It is generally expected that with the increase in density the value of D t decreases. Table V indicates that even though density of methane is lower in the channels of AlPO 4 -5 than the bulk density, the diffusivity of methane is also lower than the bulk methane diffusivity value. This reduction in mobility can be due to the presence of constrictions in AlPO 4 -5 which hinder the motion of methane along the channel.
The motion of methane in simulation B in AlPO 4 -5 and the carbon nanotube is further analyzed by considering the mean squared displacement of each molecule separately. This provides information about the relationship between the mobility of a molecule and its orientation. This is easier for simulation B as each molecule has a different orientation which does not change throughout the MD run. Figures 9 and 10 indicate that the intermediate state of orientation for methane contributes substantially to the translational mobility in AlPO 4 -5 and the carbon nanotube. In AlPO 4 -5, the 1ϩ3 state does not contribute significantly to the mobility for min Ͻ10°. The 2ϩ2 state contributes significantly to translational mobility as compared to other orientations of methane in AlPO 4 -5. In contrast, the carbon nanotube 2ϩ2 state does not have significant contribution to mobility as compared to other states of orientation of methane.
The x-and y-components of the velocity autocorrelation function for methane in AlPO 4 -5 and the carbon nanotube decay in the expected manner ͑not shown͒. The z-component of methane in AlPO 4 -5 decays to zero. In the carbon nanotube this does not happen. Therefore, the mean squared displacement exhibits nondiffusive behavior. 
Rotational motion
The angular velocity correlation function calculated in the body-fixed frame of methane ͑data not shown͒ indicated that correlations in angular velocity components decay in identical fashion for bulk as well as confined methane. The difference is in the time the correlations take to decay to zero for each system. This is reflected in the rotational diffusivity calculated by,
where iϭx,y,z. The integration is performed up to 10 ps. The rotational diffusivity calculated is listed in Table VI . The rotational diffusivity values indicate that methane rotates faster in confinement which corresponds to low density as compared to bulk ͑at ϭ0.29 g/cm 3 ͒ which is as expected. And in confinement it rotates faster in the carbon nanotube than in AlPO 4 -5. Angular velocity autocorrelation function can be calculated in space fixed frame also. This is plotted in Fig. 11 . Angular velocity in the space-fixed frame gives information about the rotation of the molecule about the space fixed directions. From an integration of angular velocity autocorrelation function in the space-fixed frame one can obtain rotational diffusivities. These values are listed in Table  VI . From the table it can be seen that in AlPO 4 -5 and in the carbon nanotube there exists a significant amount of rotational motion around all the space fixed axes.
VI. CONCLUSIONS
The properties of methane are strongly dependent on the nature of the one-dimensional channel as well as on the ratio of size of the molecule to the channel diameter. The orientation of methane with respect to the channel axis shows interesting properties in AlPO 4 -5. In narrow parts of the channel in AlPO 4 -5 the orientation in which a C 2 axis of methane is directing along the channel axis ͑2ϩ2 orientation͒ is preferred over the orientation in which a C 3 axis of methane is directed along the channel axis ͑1ϩ3 orientation͒ and vice versa in the wider part of the channel. This preference for a particular orientation is also seen when methane is closer to the channel wall in AlPO 4 -5. In the wider region, near the channel wall, methane assumes a 1ϩ3 orientation while in narrow regions the 2ϩ2 orientation is preferred by methane when it gets closer to the channel wall.
The effect of correlation between orientation and position of methane inside a channel extends to dynamical properties as well. It is seen that the mean square displacement of methane as probed over the first 12 ps depends strongly on its orientation. In AlPO 4 -5, it is seen that when min Ͻ10°, u 2 (t) is small and in the carbon nanotube, large values of min have lower values of u 2 (t). These suggest the strong dependence of translational mobility on the orientation of methane. It follows that a single site model of methane may not be able to reproduce all the properties of methaneAlPO 4 -5 and methane-carbon nanotube system. These results are consistent with our results of runs where diffusivities have been calculated with and without rotation; simulation B and simulation A show that rotation aids in translational motion and enhances translational diffusivity in bulk as well as in confinement. Note that methane shows nondiffusive behavior in the carbon nanotube. Since lattice vibrations in AlPO 4 -5 and the carbon nanotube are not expected to be large, we expect that the results presented here would not alter significantly when the host atoms are also included in the dynamics. It is also seen that rotational diffusivity of methane is the highest in carbon nanotube which has smooth channel walls as compared to rotational diffusivity of methane in AlPO 4 -5 and in bulk.
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